The objective of this study was to determine the true digestible P requirements of 20-to 40-kg pigs by the broken-line regression analysis of growth performance using 6 levels of true total-tract digestible P. In Exp. 1, 24 barrows (initial BW = 25.2 ± 1.0 kg) were used to determine the true total-tract digestibility (TTTD) of P in monocalcium phosphate using the regression method. The dietary treatments included a corn-soybean meal-based diet (2.96 g total P/kg) and 3 additional dietary treatments with incremental addition of 0.50 g P/kg through monocalcium phosphate. Limestone (37.2% Ca) was added to maintain a constant Ca to P ratio of 1.25 to 1 across all diets. A 5-d adjustment period preceded a 5-d total collection of feces. Ferric oxide was used as a marker to time the initiation and termination of fecal collection. In Exp. 2, 108 barrows and gilts (initial BW = 20.1 ± 1.2 kg) were used in a 3-wk growth performance trial. Monocalcium phosphate was added to a corn-soybean meal-based diet to set up 6 levels of TTTD-based digestible P, ranging from 1.31 to 4.64 g/kg of diet with increments of 0.67 g/kg digestible P. Limestone was added to maintain a constant Ca level across all diets. The results of Exp.1 showed that dietary P intake, fecal P output, digested P, and apparent totaltract digestibility of P increased linearly (P < 0.05) with the increasing supplementation of monocalcium phosphate. Regressing daily digested P against daily P intake resulted in TTTD of 84.3% for P in monocalcium phosphate. In Exp. 2, ADG, ADFI, and G:F increased both linearly (P < 0.01) and quadratically (P < 0.05) with increasing P level in wk 1 and 3 and for the overall 3-wk duration. In wk 2, both linear and quadratic effects of P level were observed for ADG and ADFI (P < 0.05) whereas the G:F only showed linear improvement (P < 0.01). The true digestible P requirement, defined as the breakpoint using the overall 3-wk G:F as the response variable, was estimated to be 3.03, 2.98, and 3.08 g/kg of diet for pigs of mixed sex, barrows, and gilts, respectively. Using ADG, the corresponding estimates of P requirement were 3.09, 3.08, and 3.10 g/kg of diet. In conclusion, the mean true digestible P requirement of pigs from 20 to 40 kg BW was determined to be 3.06 g/ kg of diet using the average of the estimates for barrows and gilts based on ADG.
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INTRODUCTION
Experiments determining nutrient requirements should be conducted routinely and in a timely manner to yield estimates of nutrient requirements reflective of the changes in livestock genetics, feedstuffs, and environment to update the database. In addition, it is essential to complement growth performance measurements with nutrient balance trials to provide more specific estimation of nutrient requirements (NRC, 2012) .
A dearth of empirical studies about digestible P requirements of pigs was emphasized by NRC (2012) . Also, the model used for estimating P requirement in NRC (2012) still needs to be validated by empirical studies for assessing the listed standardized total-tract digestibility (STTD) values and the suggested P requirement estimated by the factorial approach.
In previous studies using the regression method (Zhai and Adeola, 2013a,b) , we determined the true total-tract digestibility (TTTD) of P in corn, soybean meal (SBM), and monocalcium phosphate to be 40.5, 36.0, and 67.5% with 15-kg pigs, respectively. Based on these values, we determined the TTTD-based P requirement to be 3.2 g/kg of diet for 10-to 20-kg pigs (Zhai and Adeola, 2013a) . Considering that the digestibility of P from inorganic P sources was more likely to be affected by the BW of pigs compared with organic sources (Rodehutscord et al., 1999) , we continued this research with the determination of TTTD of P in monocalcium phosphate with 25-kg pigs in Exp. 1 and determined the TTTD-based P requirement for 20-to 40-kg pigs using the broken-line regression analysis described by Robbins et al. (2006) .
MATERIALS AND METHODS
All animal procedures were approved by the Purdue University Animal Care and Use Committee.
Experiment 1
Twenty-four Hampshire × Duroc × Yorkshire × Landrace barrows (initial BW = 25.2 ± 1.0 kg and final BW = 29.3 ± 1.1 kg) were used in a randomized complete block design with BW as a blocking factor. The barrows were housed individually in stainless-steel metabolism crates (0.83 by 0.71 m), each equipped with 1 nipple drinker and 1 feed trough. The individual pig was the experimental unit. Room temperature was maintained at 22°C. Pigs were allowed 5 d for adaptation followed by a 5-d period of total collection of feces using the same digestibility procedures previously described (Zhai and Adeola, 2013b) .
Four levels of monocalcium phosphate (0, 2.4, 4.8, and 7.2 g/kg diet) were added to a corn-SBM-based diet (2.96 g total P/kg) at the expense of cornstarch to determine the TTTD of P in monocalcium phosphate using the regression method (Table 1) . Limestone (37.2% Ca) was added to maintain a constant total Ca to total P ratio of 1.25:1 across all diets with cornstarch used as filler.
Experiment 2
One hundred eight barrows and gilts (initial BW = 20.1 ± 1.2 kg and final BW = 32.5 ± 3.4 kg) were used in a randomized complete block design using both sex and BW as blocking factors. Three pigs of the same sex were penned together, and each pen (2.44 by 1.83 by 0.92 m) was equipped with a fully slatted concrete floor, a nipple waterer, and a flow-controlled feeder (Farmweld, Teutopolis, IL) to minimize waste of feed. The pen was used as the experimental unit. The room temperature was monitored in real time and maintained at 22°C with an air ventilation system and a natural gas heater. Side wall fans of the experimental rooms ventilated the manure pit and the room, separately, and fresh air through ceiling vents. This experiment lasted for 3 wk. The pigs and feeders were weighed weekly to calculate ADG, ADFI, and G:F.
Experiment 2 was conducted to determine the true digestible P requirement (Table 2 ). Six levels of monocalcium phosphate (0, 3.8, 7.6, 11.4, 15.2, and 19 .0 g/kg diet) were added to a corn-SBM-based diet at the expense of cornstarch to establish 6 levels of total P, ranging from 3.42 to 7.37 g/ kg of diet, which was calculated to be equivalent to 6 levels of true digestible P, ranging from 1.31 to 4.64 g/kg of diet by applying the TTTD of 38.69 and 35.96% for P of corn and SBM, respectively, determined by Zhai and Adeola (2013b) and of 84.31% for P of monocalcium phosphate determined in Exp. 1 of this study. The minimum Ca and P contents of the commercial product of monocalcium phosphate (Mosaic, Plymouth, MN) were claimed to be 21and 15%, respectively.
Chemical Analyses
Corn, SBM, and diet samples as well as the ovendried fecal samples were ground to pass through a 0.5-mm screen before analysis. Phosphorus concentration was determined based on the method of Fiske and Subbarow (1925) , which involved the following steps: digesting the samples in concentrated nitric acid and 70% perchloric acid, adding Fiske and Subbarow reducer and acid molybdate to the digested solution, and measuring the absorption at 620 nm using a spectrophotometer (SpectraCount, Model AS1000; Packard, Meriden, CT; AOAC, 2006). Monocalcium phosphate was dissolved in 4 N HCl and concentrated nitric acid with heat before the spectrophotometric analysis. Calcium concentration was determined using an atomic absorption spectrometer (AAnalyst 300; PerkinElmer, Norwalk, CT).
Calculations and Statistical Analyses
Apparent total-tract digestibility (ATTD; %) of P was calculated using the following equation: ATTD = 100 × (P I -P O )/P I , in which P I is the dietary P intake and P O is the fecal P output (mg/d). The estimates of TTTD coefficient and daily endogenous P losses (mg/d) were derived by regressing digested P (P I minus P O ) against P I using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) as detailed by Akinmusire and Adeola (2009) .
The data of Exp. 1 and 2 were analyzed by the GLM procedure of SAS as a randomized complete block design.
The model used for Exp. 1 is Y ijk = μ + α i + β j + ε ijk , in which μ is the overall mean, α i is the effect of the ith block, β j is the effect of the jth level of P, and ε ijk is the error term. For Exp. 2, the model is Y ijkl = μ + α i + β j + γ k + (βγ) jk + ax ijk + ε ijkl , in which μ is the overall mean, α i is the effect of the ith block, β j is the effect of the jth level of sex, γ k is the effect of the kth level of P, (βγ) jk is the interaction effect between the jth level of sex and the kth level of P, a is the coefficient for the covariate x ijk , x ijk is the initial BW of the ith block, the jth level of sex, and the kth level of P, and ε ijkl is the error term. Orthogonal polynomial contrasts were used to test the linear and quadratic effects of P level. The broken-line regression analysis of ADG and G:F data of Exp. 2 was conducted using the NLIN procedure of SAS as described by Robbins et al. (2006) . Unless specified, least-squares means are presented. An α level of 0.05 was considered as significant.
RESULTS
Corn was analyzed to have 2.50 g/kg of P in Exp. 1 and 2.58 g/kg in Exp. 2. The P content of SBM was 6.64 g/kg in Exp. 1 and 6.56 g/kg in Exp. 2. The P content of monocalcium phosphate used in the study was 208 g/kg.
One pig was culled from Exp.1 because of diarrhea that developed with the introduction of the marker. Dietary P intake, fecal P output, digested P, and ATTD of P increased linearly (P < 0.05) with the increasing supplementation of monocalcium phosphate (Table 3) . From the regression of daily digested P against daily P intake, the TTTD of P was estimated to be 84.3% for monocalcium phosphate and the endogenous P loss to be 1,502 mg/d (Fig. 1) .
There was no interaction between P level and sex for any of the measurements in Exp. 2. Average daily gain, ADFI, and G:F increased both linearly (P < 0.01) and quadratically (P < 0.05) with the increasing digestible P level in wk 1 and 3 and for the overall 3-wk duration of Exp. 2 (Table 4) . In wk 2, both linear and quadratic effects of P level were observed for ADG and ADFI (P < 0.05) whereas the G:F only showed linear improvement (P < 0.01). The barrows gained more weight (P < 0.05) than gilts in wk 3.
The r 2 of the regression was between 95 and 99% (Fig. 2) . The true digestible P requirement, defined as the breakpoint using the overall 3-wk G:F as a response variable, was estimated to be 3.03, 2.98, and 3.08 g/kg of diet for pigs of mixed sex, barrows, and gilts, respectively. Using ADG, the corresponding estimates of P requirement were 3.09, 3.08, and 3.10 g/kg of diet. The difference of true digestible P requirement among those groups of pigs using either G:F or ADG was not statistically significant as indicated by their overlapped confidence intervals. 
DISCUSSION
Compared with 2.48 and 6.64 g/kg of P in the study of Zhai and Adeola (2013b) , the average P content in this study was 2.54 and 6.60 g/kg for corn and SBM, respectively, which indicates the similarity of corn and SBM across our studies. In addition, Rodehutscord et al. (1999) found that the apparent digestibility for P, mainly from monocalcium phosphate, increased linearly when BW of pigs increased from 15 to 35 kg whereas P digestibility was unaffected by BW when P mainly originated from corn, barley, and SBM. Using the regression method, Ajakaiye et al. (2003) demonstrated that there was no difference in TTTD of P in SBM between weanling (initial BW = 6.8 kg) and growing pigs (initial BW = 40.0 kg). These considerations led to the use of the TTTD of P for corn and SBM determined in the previous study for calculating the true digestible P content in the current study. The TTTD of P in monocalcium phosphate was determined to be 67.5% with 15-kg pigs (Zhai and Adeola, 2013a) . Considering the fact that the TTTD of P in monocalcium phosphate was lower than we expected, we conducted Exp.1 of this study to determine the TTTD of P in monocalcium phosphate with 25-kg pigs. Using the derived TTTD of P for monocalcium phosphate in Exp. 1, we continued our effort to determine the true digestible P requirement for 20-to 40-kg pigs.
The improved ATTD of P in diets of Exp. 1 with the gradual supplementation of monocalcium phosphate is due to greater availability of P in monocalcium phosphate compared with that in corn and SBM (Zhai and Adeola, 2013a) . The derived endogenous P loss of 1,502 mg/d in the current study is in excess of 494 mg/d obtained with 15-kg pigs (Zhai and Adeola, 2013a), which implies an approximately 100 mg of P loss for every 1-kg increase in BW. These values are much greater than the endogenous P loss of 110 mg/d for 27-kg pigs and endogenous P loss increase of about 1.632 mg for each 1-kg increase in BW from 25 to 100 kg found by Pettey et al. (2006), who also used the regression technique. The reason for those differences could be the corn-SBM diets used in the current study compared with the highly digestible diets used by Pettey et al. (2006), which were based on sucrose, dextrose, cornstarch, and casein. Those ingredients can only induce the minimal secretion of endogenous P loss. The ingredient-specific endogenous P loss associated with the diets in the current study could have led to the increased estimate of endogenous P loss.
We determined the TTTD of P in monocalcium phosphate to be 84.3% with 25-kg pigs, which compares with 80.3% derived from the data in the study by Stein et al. (2008) for 22-kg pigs. Compared with TTTD of 67.5% for 15-kg pigs in the previous study (Zhai and Adeola, 2013a) , there seems to be a substantial effect of BW on the TTTD for P in monocalcium phosphate. This is supported by the increased P digestibility with the progressive increase in the BW when the P mainly originated from monocalcium phosphate as reported by Rodehutscord et al. (1999) , but this disagrees with the decline in true digestibility of P in monocalcium phosphate with heavier pigs that was observed by Pettey et al. (2006) . This disagreement might be attributed to the absent or minimized interaction between antinutritional factors, for example, phytate in natural feedstuffs and P from monocalcium phosphate in the highly digestible diets based on sucrose, dextrose, cornstarch, and casein used by Pettey et al. (2006) . The effect of BW on P digestibility poses a challenge to the traditional practice of assigning 1 value to P utilization for feed ingredients. In NRC (2012), the STTD of P in monocalcium phosphate was established at 88.3%, which could not reflect the potentially dynamic P digestibility because of varying BW of pigs. This might lead to the insufficient dietary P supply for lighter pigs if the diets are formulated by using digestibility values more reflective of the utilization Table 3 . Dietary P intake, fecal P output, and apparent total-tract digestibility (ATTD) of P in Exp. 1 (as-fed basis) Figure 1 . True total-tract P digestibility in monocalcium phosphate and endogenous P losses (EPL) derived by regressing digested P against P intake in Exp. 1 (as-fed basis; n = 23).
of P by heavier pigs. To address this issue, it is preferable to compensate for the differences in P digestibility associated with BW by correction of the P requirement instead of having multiple nutritional tables (Kemme et al., 1997) . Additional research using pigs with different BW in the same digestibility experiment with monocalcium phosphate are needed.
The broken-line regression accounted for over 95% of total variation, which lent credence to the fitting of the broken-line regression model to our data. The true digestible P requirement was estimated to be 3.06 g/kg of diet for pigs of mixed sex by averaging the estimates based on ADG and G:F (3.09 and 3.03 g/kg). This estimate of 3.06 g/kg P equates to a diet of similar ingredient composition as the diets used in Exp. 2, which consist of corn, SBM, and monocalcium phosphate as P sources at the including rate of 690, 250, and 10 g/kg of diet, respectively. By using the P concentration of 2.58, 6.56, and 208 g/kg for corn, SBM, and monocalcium phosphate used in Exp. 2, the equivalent diet could be calculated to have 5.50 g/kg of total P, which is the estimate of the total P requirement. This estimate is close to the total P requirement of 5.6 g/kg of diet listed in NRC (2012) for 25-to 50-kg pigs. Using P availability values of 14, 23, and 100% as listed in NRC (1998) for corn, SBM, and monocalcium phosphate, respectively, the available P requirement can be calculated to be 2.71 g/kg of diet, which compares with 2.3 g/kg of diet as the available P requirement for 20-to 50-kg pigs listed in NRC (1998). The NRC (2012) listed the STTD of 34, 48, and 88.3% for P in corn, SBM, and monocalcium phosphate. Using these STTD values, the STTD-based digestible P requirement of the equivalent diet could be calculated to be 3.23 g/kg of diet, which is between the 3.3 g/kg for 11-to 25-kg pigs and 3.1 g/kg for 25-to 50-kg pigs in NRC (2012) based on the factorial approach.
Using the program provided by NRC (2012), which allows entering the dietary ME and the range of the BW of pigs, the STTD-based digestible P requirement for the pigs in the current study could be further estimated at 3.2 g/kg of diet. With the same principle, our equivalent diet was calculated to provide 2.82 g/kg apparent digestible P using the tabulated ATTD values of P in NRC (2012), which is intermediate of 2.9 and 2.6 g/kg for 11-to 25-kg pigs and 25-to 50-kg pigs in NRC (2012), respectively, and also intermediate of 3.2 and 2.3 g/kg for 25-and 30-kg pigs, respectively, suggested by Jongbloed and Everts (1992) . For the BW range of 24-to 61-kg pigs, Ekpe et al. (2002) determined the ATTD-based P requirement to be 3.6 and 3.2 g/kg for gilts and barrows, using the same set of diets for both the growth performance study and the digestibility study. Ruan et al. (2007) determined the TTTD-based P requirement for 21-to 39-kg pigs was 3.4 g/kg of diet, assuming the P in monocalcium phosphate is 100% digestible. Disregarding the inherent difference among evaluation systems of P availability and approaches of determining P requirement, the potential factors could involve the intrinsic differences in animals, feed ingredients, and environment as well as the objective decisions of investigators regarding the selection of the regression model and the optimal level.
The P requirement based on growth rate did not differ between barrows and gilts (3.08 vs. 3.10 g/kg of diet). This is supported by the finding that, only at BW greater than 45 kg, there is an increasingly greater quantity of protein and ash in gilts than barrows (Wiseman et al., 2007) . The whole-body N content, as described in NRC (2012), is strongly related to whole-body P content. By the end of Exp. 2 in the current study, there was no difference in final BW between barrows and gilts even though barrows consumed more feed and gained more weight than gilts in wk 3.
The total Ca to total P ratio in Exp. 2 varied from 2.38 to 1.09 with the increasing P level. This creates a situation where the Ca:P ratio at lower P levels exceeds the suggested range of 1:1 to 1.25:1 by NRC (2012), and thereby the growth performance could be further depressed than merely due to the inadequate P supply (Thomas and Kornegay, 1981) . The true digestible P requirement of this study was determined at a total Ca to total P ratio of about 1.57, which could have led to an overestimation of P requirement because of the possibility of lower availability of P when an excess level of Ca is present even though this might be of less concern when compared to lower dietary P levels (Eeckhout et al., 1995) . At the same time, Ca retention could deteriorate (Stein et al., 2011) . Further narrowing the Ca to P ratio towards maximizing both Ca and P utilization would be ideal (Peo, 1991) .
In summary, we determined the TTTD of P in monocalcium phosphate to be 84.3% using 25-kg pigs based on the regression technique. In a corn-SBM diet containing 879 g DM/kg, the true digestible P requirement of 20-to 40-kg pigs using ADG as response variable was estimated to be 3.09, 3.08, and 3.10 g/kg of diet for pigs of mixed sex, barrows, and gilts, respectively. The corresponding true digestible P requirement was 3.03, 2.98, and 3.08 g/ kg of diet using G:F. Overall, the mean true digestible P requirement of pigs from 20 to 40 kg BW was determined to be 3.06 g/kg of diet using the average of the estimates for barrows and gilts based on ADG.
